Aims/hypothesis. Human pancreatic duct cells are closely associated with islet beta cells, and contaminate islet suspensions transplanted in Type 1 diabetes mellitus patients. Activated duct cells produce cytotoxic mediators and possibly contribute to the pathogenesis of Type 1 diabetes mellitus or islet graft rejection. As CD40 transduces activation signals involved in inflammatory and immune disorders, we investigated CD40 expression on duct cells and their response to CD40 engagement. Methods. CD40 expression on human pancreatic duct cells was analysed by flow cytometry and immunohistochemical analyses. To assess the function of CD40 expression on duct cells, activation of the transcription factor nuclear factor-kappa B was determined using electrophoretic mobility shift assay and ELISA. Cytokine mRNA levels were quantified by real-time RT-PCR, and protein levels by Luminex technology. Results. Isolated human pancreatic duct cells and Capan-2 cell lines were found to express constitutively CD40. The expression of CD40 on duct cells was confirmed in vivo on human normal and pathological pancreatic specimens. CD40 ligation on Capan-2 cells induced rapid nuclear factor-kappa B activation, and supershift assays demonstrated that p50/p65 heterodimers and p50/p50 homodimers were present in the activated complexes in the nucleus. This activation was accompanied by tumour necrosis factor-α and interleukin-1β mRNA accumulation. Tumour necrosis factor-α protein secretion was confirmed in CD40-activated Capan-2 cells and in isolated human pancreatic duct cells. Conclusions/interpretation. Interaction between activated T lymphocytes expressing CD40 ligand and duct cells expressing CD40 may contribute to the immune responses involved in Type 1 diabetes mellitus and islet graft rejection. Interfering with CD40-mediated duct cell activation could alleviate beta cell damage of immune origin.
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Introduction
Duct cells are closely associated with beta cells in the human pancreas [1] . There is suggestive evidence that pancreatic ducts are potential sites for beta cell neogenesis [1, 2, 3, 4, 5, 6, 7] . Duct cells were also shown to produce nitric oxide [4] and to express MHC class II [3] , leading to proposals that they might contribute to beta cell damage in Type 1 diabetes mellitus [8] . In the transplantation setting, islet suspensions prepared from human pancreases contain a high proportion of non-endocrine duct cells [9, 10] , implying that these cells could affect graft acceptance. Defining the path-ways of duct cell activation is therefore relevant to understanding both the pathogenesis of Type 1 diabetes and islet transplantation.
Previous studies have shown that exposure of duct cells to pro-inflammatory cytokines such as IFN-γ, either alone or in combination with IL-1β, led to their stimulation [1, 3, 4] . In particular, we recently observed that IL-1-exposed duct cells synthesise and release TNF-α (B. Movahedi, unpublished results). In addition, duct cells were shown to express CD14, a pattern recognition receptor [11, 12] that might allow duct cells to respond to microbial products. In renal, airway or intrahepatic epithelial cells, membrane expression of CD40 molecules was found to transduce activation signals upon interaction with CD154, the CD40 ligand [13, 14, 15, 16, 17, 18] . CD40 is a member of the TNF-receptor family, and was initially described on B cells but subsequently found on a wide variety of cell types including activated monocytes, dendritic cells, endothelial cells, epithelial cells and fibroblasts [19, 20, 21] . The ligand for CD40 (CD40L) is a type II transmembrane protein expressed on stimulated T cells but also on mast cells, basophils and platelets. A soluble form of CD40L is released from activated platelets or shed from stimulated lymphocytes [21, 22, 23, 24] . CD40-CD154 interactions were shown to play a pivotal role in different T-cell-mediated inflammatory disorders [20, 21, 25, 26, 27] and disruption of CD40-CD40L interactions proved to be sufficient to prevent the development and progression of several autoimmune diseases [28, 29] as well as allograft rejection [21, 26] .
In this work we studied the expression of CD40 on human pancreatic duct cells and then investigated the functional consequences of CD40 ligation at the duct cell level by analysing nuclear factor-kappa B (NF-κB) activation, cytokine mRNA accumulation and protein secretion.
Materials and methods
Cell cultures Human adenocarcinoma cell line (Capan-2) was kindly provided by Dr L. Bouwens (Cell Differentiation Unit, Brussels Free University, Belgium) and was cultured as previously described [30] . Briefly, cells were cultured in McCoy's 5A medium with glutamax-1 (Invitrogen, Merelbeke, Belgium) supplemented with 50 U/ml penicillin, 50 µg/ml streptomycin (BioWhittaker, Verviers, Belgium) and 10% FCS (Hyclone, Erembodegem, Belgium). When 80 to 90% confluence was reached, cells were detached by trypsin/EDTA (Invitrogen; 0.05% trypsin, 0.53 mmol/l EDTA) digestion and subcultured at a ratio of 1:4.
Human non-endocrine pancreatic duct cells were isolated from pancreases obtained from adult heart-beating organ donors as previously described [4] , following guidelines of protocols that were approved by the local ethics committee. The organs were procured by European hospitals affiliated with the Eurotransplant Foundation (Leiden, The Netherlands) and sent to the Human Beta Cell Bank in Brussels (Belgium) for the preparation of isolated fractions. Collagenase digests were separated by Ficoll gradient purification into an islet and an exocrine fraction. This exocrine fraction was cultured in serum-free medium for at least 4 days leading up to a preparation enriched in duct cells (>95%). Then, cells were dissociated in a calcium-free medium and cultured with 10% FCS to obtain monolayers. After 2 to 3 days of culture with 10% FCS, isolated cells were tested for purity. More than 90% were positive for cytokeratin 19 (CK19) as assessed by immunostaining. This was confirmed by flow cytometry analysis using CD1a, CD3, CD14, CD16 and CD19 monoclonal antibodies (mAbs), excluding a contamination of duct cells in monolayer by dendritic cells, T lymphocytes, monocytes, natural killer cells and B cells respectively.
For CD40 ligation studies, 2.5×10 5 duct cells were co-cultured in a 24-well plate with 2.5×10 5 mouse fibroblasts transfected with the human CD40L gene. As controls, duct cells were co-cultured with untransfected fibroblasts. Mouse fibroblasts transfected with the human CD40L gene and untransfected mouse fibroblasts were kindly provided by Dr K. Thielemans. Immunohistochemistry studies Immunohistochemical analysis was performed on formalin-fixed, paraffin-embedded pancreatic specimens, including one autoimmune pancreatitis and one well-differentiated ductal adenocarcinoma. 5-µm sections were cut onto coated slides and were deparaffined using routine techniques. After antigen retrieval in EDTA and microwave pretreatment, the sections were incubated with a mouse anti-CD40 mAb (Novocastra, Merelbeke, Belgium) at a dilution of 1 to 30. Labelling was detected by streptavidin-biotin-peroxidase complex (Dako, Merelbeke, Belgium). Negative control was obtained by omitting the primary antibody. For CK19 staining, sections were incubated with a human CK19 mAb (clone RCK108; Dako) at a dilution of 1 to 100. Labelling was detected by streptavidin-biotin-peroxidase complex (Dako).
Flow cytometry analysis

Analysis of NF-κB transcriptional activity
Electrophoretic mobility shift assay (EMSA) was performed as previously described [31] . Briefly, Capan-2 cells were incubated for 2 h under the different conditions tested: in medium alone, with untransfected fibroblasts, or with CD40L-transfected fibroblasts. Nuclear extracts were prepared as previously described [32] . The double-stranded consensus-binding sequences for the EMSA comprised the oligonucleotide 5′-AGTTGAGGGG-ACTTTCCCAGG-3′ for NF-κB and for the mutant NF-κB, created with a G→C substitution. The probe was endlabelled with [γ-32 P]ATP from Amersham Pharmacia Biotech (Roosendaal, The Netherlands) using T4 polynucleotide kinase (Roche Diagnostics, Brussels, Belgium). For the binding reaction, 15 µg of the nuclear extract was added to the reaction mixture containing 4 µg poly dI-dC (Roche Diagnostics), 4 µl of binding buffer (10 mmol/l HEPES, pH 7.8; 50 mmol/l KCl; 1 mmol/l EDTA; 5 mmol/l MgCl 2 ; 10% glycerol) and 30,000 cpm of [ 32 P]-end-labelled probe in a final volume of 20 µl. The mixture was left for 15 min at room temperature. Supershift assays were performed after adding 1 µg of murine mAb against RelA/p65 (Santa Cruz Biotechnology, Santa Cruz, Calif., USA) or NF-κB1/p50 (Upstate Biotechnology, Mundolsheim, France) to the binding reaction for 30 min at 4°C. The free and protein-bound oligonucleotides were resolved by electrophoresis on a 7% polyacrylamide gel in Tris-borate EDTA buffer. The DNA-protein complexes were detected by autoradiography film (Eastman Kodak, Bornem, Belgium).
In parallel, NF-κB DNA-binding activity in nuclear extracts was measured using the Trans-AM NF-κB p65 ELISA kit (Active Motif Europe, Rixensart, Belgium) according to manufacturer's instructions. Briefly, 5 µg nuclear extract were added to a 96-well plate to which oligonucleotide containing NF-κB consensus-binding site had been immobilised. The NF-κB complex bound to the oligonucleotide was detected by adding a specific mAb for p65 subunit. A secondary horseradish peroxydase-conjugated mAb was added and developed with tetramethylbenzidine substrate. After an optimal development time, the reaction was stopped using H 2 SO 4 0.5 mol/l, and absorbance was measured at 450 nm. The specificity of the assay was monitored by competition experiments using NF-κB wild-type and mutant consensus oligonucleotides provided in the kit. 
Real-time RT-PCR
Science, Brussels, Belgium) on the MagNA Pure instrument following manufacturer's instructions (mRNA I cells, Roche protocol; final elution volume 50 µl). Cytokine mRNA levels were then quantified by real-time RT-PCR on a Lightcycler instrument (Roche Applied Science) as previously described [33] . Primers and probes were synthesised at Biosource Europe (Nivelles, Belgium) using the sequences previously described [33, 34] . Cytokine mRNA levels were determined according to a standard curve generated from serial dilutions of a purified DNA, allowing expression of the results in mRNA copies per 10 6 mRNA copies of β-actin.
Cytokine assays TNF-α was measured in cell culture supernatants using Luminex technology (Bio-Rad, Nazareth-Eke, Belgium) and a Fluorokine MAP human TNF-α Kit (R&D Systems, Abingdon, UK) following manufacturer's instructions. Briefly, 2.5×10 5 ductal cells were cultured in a 24-well plate with a final volume of 1 ml for 24 h either alone or in the presence of 2.5×10 5 CD40L-transfected or untransfected fibroblasts.
Statistical analysis Data were compared using the non-parametric Wilcoxon's paired test. Results were considered statistically significant with a p value of less than 0.05.
Results
Human pancreatic duct cells express CD40 in vitro and in vivo.
We investigated the expression on duct cells of surface molecules involved in interactions with T lymphocytes. As shown in Fig. 1a , primary duct cells were negatively stained for MHC class II and costimulatory molecules (CD80 and CD86), but expressed high levels of CD40, CD54 and MHC class I molecules. A similar phenotype was found on a duct cell line, Capan-2 (Fig. 1b) .
To confirm CD40 expression in vivo, immunohistochemical analysis was performed on human pancreatic specimens. In the normal adult pancreas, CD40 was expressed on the ductal epithelium (Fig. 2a) but not on islet beta cells (Fig. 2b) . CD40 showed intracytoplasmic positivity both at the luminal and the basal surface of the ductal epithelium. CD40 immunostaining of duct cells was also observed on pathological pancreatic specimens including an autoimmune pancreatitis and a well-differentiated ductal adenocarcinoma ( Fig. 2c and 2d respectively) . As expected, B lymphocytes in the lymphoid follicules were positively stained by anti-CD40 mAb, providing an internal positive control for the CD40 labelling method (Fig. 2c) . In order to ascertain whether CD40 was expressed on ductal epithelial cells, immunohistochemical analysis for CK19, a specific marker for epithelial cells, and for CD40 was performed on serial sections of formalin-fixed, paraffin-embedded human pancreatic specimens. As shown in Fig. 2 (a, c and d) , CD40 expression correlated with CK19 expression, confirming that CD40 was indeed expressed on duct cells in CD40 expression on human pancreatic duct cells: role in nuclear factor-kappa B activation 663 the human pancreas. Negative control obtained by omitting the primary antibody showed no staining for CK19 or CD40 (data not shown).
Ligation of CD40 expressed on Capan-2 induces NF-κB activation.
To study the functional relevance of CD40 expression by human pancreatic duct cells, we assessed NF-κB activation in Capan-2 cells co-cultured with fibroblasts overexpressing CD40L (CD154). As shown in Fig. 3a , we observed that Capan-2 cells expressed low NF-κB p65 DNA-binding activity at the basal state, and that their exposure A time course experiment established that p65 subunit activation was optimal after 2 h of co-culture, followed by a progressive decrease within 24 h. This pattern of NF-κB activation was caused by CD40 ligation, as it was not observed upon coculture of duct cells with untransfected fibroblasts (3T6 CTRL ).
This observation was confirmed and extended in EMSA experiments performed on nuclear extracts, as shown in Fig. 3b . We observed a low level of NF-κB activation in the unstimulated condition and a dramatic enhancement after 2 h of co-culture with 3T6 CD40L but not with 3T6 CTRL . Supershift assays using anti-NF-κB p50 or anti-NF-κB p65 antibody were performed to characterise the nuclear proteins present in the complexes. The addition of anti-p50 mAb led to the disappearance of the lower band and a decrease in the upper band intensity, while the addition of anti-p65 mAb led to a decrease in the upper band intensity. This indicates that p50 and p65 subunits were major components of the NF-κB complexes present in CD40-activated duct cells. Specificity of NF-κB-binding activity was demonstrated by competition with a 100-fold excess of mutant or self-cold probes.
CD40 engagement induces TNF-α and IL-1β mRNA expression.
As NF-κB family members are known to control the expression of several cytokine genes, cytokine mRNA levels were quantified using real-time RT-PCR in Capan-2 cells cultured alone or in presence of 3T6 CD40L or 3T6 CTRL . In a preliminary experiment where Capan-2 cells were separated from fibroblasts at serial time points of co-culture, we observed that exposure to CD40L resulted in a rapid induction of TNF-α and IL-1β mRNA peaking after 2 h (Fig. 4a) , whereas the expression of IL-10, IL-12p40, IL-1RA and TGF-β genes was not modified. Subsequent experiments where mRNA samples were prepared from Capan-2 cells after 2 h of co-culture confirmed that contact with 3T6 CD40L but not 3T6 CTRL resulted in accumulation of TNF-α mRNA and to a lower extent of IL-1β mRNA (Fig. 4b  and 4c) . We further assessed TNF-α secretion by protein quantification using Luminex technology. CD40 ligation induced TNF-α production by Capan-2 cells, whereas such production was not observed with 3T6 CTRL (Fig. 5) .
Finally, we investigated the outcomes of CD40 ligation on isolated duct cells. In this setting, we confirmed that TNF-α was also produced by human primary duct cells upon CD40 engagement (Table 1) . Fig. 3 . Assessment of nuclear factor-κB (NF-κB) activation in Capan-2 cell line. a Time course determination of NF-κB DNA-binding activity using TransAm transcription factor (p65 subunit) ELISA kit. Optical density values (OD; 450 nm) were corrected for background levels. Nuclear extracts were obtained after indicated time intervals for co-culture of 2.5×10 5 Capan-2 cells alone (black histogram), 2.5×10 5 Capan-2 cells co-cultured with 2.5×10 5 CD40L-transfected fibroblasts (3T6 CD40L ; white histogram) or 2.5×10 5 Capan-2 cells co-cultured with 2.5×10 5 untransfected fibroblasts (3T6 CTRL ; hatched histogram). One representative experiment out of three is shown. b NF-κB DNA-binding activity determination using electrophoretic mobility shift assay. Nuclear extracts were obtained after 2 h co-culture of 2.5×10 5 Capan-2 cells with 2.5×10 5 CD40L-transfected fibroblasts (3T6 CD40L ) or untransfected fibroblasts (3T6 CTRL ). Where indicated, nuclear extracts were pre-incubated with anti-p50 antibodies, anti-p65 antibodies, mutant probes or self-cold probes. One representative experiment out of three is shown 
Discussion
To our knowledge, this study provides the first evidence that human pancreatic duct cells express CD40. This observation is consistent with previous studies showing CD40 expression on other epithelial cell types [13, 15, 16, 18] . CD40 signalling is rather complex as it involves protein tyrosine kinases, phosphoinositide-3 kinase, phospholipase Cγ2 and serine/ threonine kinases. Although CD40 cytoplasmic domain lacks intrinsic catalytic activity, it associates with different families of signalling molecules, such as the TNF-receptor-associated factors, and leads to NF-κB activation [20, 21] . Here, we provide evidence that CD40 ligation induces NF-κB activation in human pancreatic duct cells, revealing a potential new way to activate human pancreatic duct cells during immune processes. We found a rapid activation of NF-κB after stimulation with CD40L, indicating a direct effect of CD40L on CD40 signalling. Supershift analyses revealed that the main activated form of NF-κB was represented by the p50/p65 heterodimers and to a lesser extent by p50/p50 homodimers, as previously observed in renal epithelial cells [13] . The NF-κB family member p65 harbours the transactivation domain, whereas p50 lacks this transactivation domain but still binds to specific DNA motif. This suggests that p50/p65 heterodimers activate transcription from NF-κB-binding sites on target genes, while the p50/p50 homodimers could function as transcriptional repressors [35, 36, 37] . Since NF-κB is known to regulate TNF-α and IL-1β gene activation [37] , it is likely that the accumulation of TNF-α and IL-1β mRNA that we observed upon CD40 ligation is related at least partly to NF-κB activation.
The induction of TNF-α and IL-1β genes in duct cells might have important consequences for beta cells present in their vicinity. It has been proven that both cytokines have direct and indirect toxic effects on beta cells through the induction of reactive oxygen intermediates and nitric oxide [4, 38, 39, 40, 41, 42, 43] . Besides its toxic effect, TNF-α could also influence adaptative immune responses directed against beta cells. Indeed, TNF-α represents a major danger signal conditioning the fate of specific immune responses and interfering with tolerance induction [44, 45, 46] . However, the role of TNF-α in Type 1 diabetes is still controversial. Previous studies in animal models for Type 1 diabetes have clearly demonstrated that TNF-α could participate in the development of diabetes, while other studies have highlighted the role of TNF-α in silencing the autoimmune process, suggesting a dual role of TNF-α in the development of the disease based on the timing of TNF-α expression [47, 48, 49, 50, 51, 52, 53] .
In vivo, activation of duct cells through CD40 engagement could occur when activated T lymphocytes infiltrate islets, either during the autoimmune process or following graft transplantation. In the latter case, activated platelets expressing or releasing CD40L [22, 24] could also interact with CD40 on duct cells, since islet cell suspensions are directly injected into the portal vein. CD40-CD40L interactions at the pancreatic duct cell level could therefore contribute to beta cell damage in Type 1 diabetes and after islet transplantation. So far, the beneficial effects of CD40L blockade in preventing experimental autoimmune diabetes [28, 29] and islet graft rejection [54, 55, 56] has been attributed to disruption of the interactions between antigen-presenting cells and T lymphocytes [26] . We suggest that CD40-CD40L targeted therapy could also act by preventing the local release of inflammatory cytokines by duct cells in the vicinity of pancreatic islets.
